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(57) Abstract: A system for measuring plasma electron densities (e.g., in the range of 10^^ to 10*^ cm'^) and for controlling a plasma 
generator (240). Measurement of the plasma density is essential if plasma-assisted processes, such depositions or etches, are to be 
adequately controlled using a feedback control Bo± the plasma measurement method and system generate a control voltage that 
in turn controls the plasma generator (240) to maintain the plasma electron density at a pre-selected value. The system utilizes 
a frequency stabilization system to lock the frequency of a local oscillator (100) to the resonant frequency of an open microwave 
resonator (245) when the resonant frequency changes due to the introduction of a plasma within the open resonator. The amplified 
ou^ voltage of a second microwave discriminator may be used to control a plasma generator (240). 
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ELECTRON DENSITY MEASUREMENT AND PLASMA PROCESS CONTROL 
SYSTEM USING A MICROWAVE OSCILLATOR LOCKED TO 
AN OPEN RESONATOR CONTAINING THE PLASMA 

CROSS^REFERENCE TO RELATED APPLICATIONS 
The present application is related to co-pending applications entitled 
"ELECTRON DENSITY MEASUREMENT AND CONTROL SYSTEM USING 
PLASMA-INDUCED CHANGES IN THE FREQUENCY OF A MICROWAVE 
OSCILLATOR," attorney docket number 2312-071 1-2YA PROV and "ELECTRON 
DENSITY MEASUREMENT AND PLASMA PROCESS CONTROL SYSTEM USING 
CHANGES IN THE RESONANT FREQUENCY OF AN OPEN RESONATOR 
CONTAINING THE PLASMA,'* attorney docket number 2312-0710-2YA PROV, both 
of which have been filed concurrently herewith. Both of those applications are 
herein incorporated by reference in their entirety. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention provides a method and system for measuring electron 
densities in a plasma processing system, such as is used in semiconductor 
processing systems. 

Description of the Background 

Following the Second World War, several university research groups used 
microwave technology that had been developed during the war to study partially 
ionized gases. In particular, Professor Sanborn C. Brown's group at Massachusetts 
Institute of Technology developed and exploited the so-called "cavity technique" for 
the measurement of electron density in partially ionized, electrically quasi-neutral 
gases, which have come to be called plasmas. 

In this procedure, changes in the resonant behavior of a microwave cavity 
were studied as a consequence of the presence of a plasma within it. Typically, a 
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right, circularly cylindrical cavity operating in its lowest or nearly lowest order 
resonant mode was used, and the gas was contained within a coaxial Pyrex'^'^ or 
quartz tube. An aperture was provided in each planar end surface to permit 
passage of the tube through the cavity. 

The presence of a plasma within a microwave cavity will, in general, affect 
both the resonant frequency of a particular cavity mode and the sharpness (Q) of the 
resonance; i.e., the precision with which the frequency of a microwave signal must 
be fixed if the resonant mode is to be appreciably excited. Using a form of 
perturbation theory, it is possible to relate the changes in these parameters to the 
electron density and the electron collision frequency in the plasma. The perturbation 
theory is valid only for (radian) frequencies o) that satisfy the condition: 

0)2 » (Op^a 3.18X10X 

where Wp is the plasma (radian) frequency, and Ng is the electron density in 
electrons/cm^ Consequently, for the diagnosis of plasmas with electron densities of 
the order of 10^^ cm ^ the magnitudes of interest here, a microwave signal frequency 
(a)/2n) in excess of tens of GHz is required. 

The requirement of signal frequencies on the order of tens of GHz causes a 
significant problem. The physical dimensions of a cavity designed to resonate in its 
lowest or nearly lowest order resonant mode are on the order of the wavelength of 
the signal. Thus, a cavity designed to resonate at about 35 GHz has dimensions on 
the order of only a centimeter. The use of such a small cavity for electron density 
measurements is difficult. 

In principle it is possible to use a cavity designed to resonate in a "higher 
order" mode to overcome the problem associated with the small physical size of a 
lowest or low order mode. However, if this approach is taken, it becomes extremely 
difficult to know with certainty the identity of a particular excited cavity mode. 
Consequently, it becomes practically very difficult, if not impossible, to apply 
perturbation theory to determine the electron density and the electron collision 
frequency. 
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One way to circumvent this problem is to use an "open" resonator, i.e., a 
resonator in which the electromagnetic field is not confined by a (nearly) completely 
enclosing conducting surface. A practical example of an open resonator is a pair of 
large aperture, circularly symmetrical end mirrors, with planar or curved surfaces 
and with no confining circularly symmetrical conducting surface between them. 
Open resonators of this type were considered in great detail by A.G. Fox and T. Li in 
"Resonant modes in a MASER interferometer," Bell System Technical Journal, vol. 
40, pp. 453-488. March 1961. They showed that any mode that could be regarded 
as including a plane wave component propagating at a significant angle with respect 
to the axis of symmetry would not be appreciably excited, i.e., would have a very low 
Q. In effect, for an open resonator, the number of practically useful modes with 
resonant frequencies In a particular frequency range is far less than the equivalent 
number for a closed resonator of similar size. This property of open resonators 
provided an enormous opportunity for researchers to extend resonant plasma 
diagnostic techniques to frequencies above 35 GHz. 

Microwave energy may be coupled from a waveguide feed to an open 
resonator using the same principles that govern coupling from a waveguide feed to a 
closed resonator. The location, spatial rotation, and size of a coupling aperture in a 
resonator mirror has to be appropriately related to the configuration of the 
electromagnetic field for the desired resonator mode. The input and output coupling 
apertures may both be on the same mirror or the input aperture may be on one 
mirror and the output aperture on the other. 

Known electronically tunable microwave oscillators are frequency stabilized 
with the aid of a resonant cavity and a microwave discriminator. The basic concepts 
are documented in detail in various M.l.T. Radiation Laboratory Reports and in the 
Radiation Laboratory Series published by McGraw-Hill in 1947. One use of those 
oscillators is to cause an electronically tunable oscillator to track the resonant 
frequency of a microwave resonator as that frequency is changed. An extensive 
discussion of the techniques is presented in Vol. 11, Technique of Microwave 
Measurements, M.l.T. Radiation Laboratory Series, Carol H. Montgomery, Editor, 
McGraw-Hill Book Company, New York, 1947, pp. 58-78 (hereinafter 
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"Montgomery"). The entire contents of Montgomery are hereby incorporated by 
reference. A block diagram for a stabilization circuit 102 is shown in Figure 1. 
Figure 1 is similar to Figure 2.29 on page 60 of Montgomery. The use of a 
microwave interferometer is also described in two known publications: (1) "A 
Microwave Interferometer for Density Measurement Stabilization in Process 
Plasmas," by Pearson et al., Materials Research Society Symposium Proceedings. 
Vol. 117 (Eds. Hays et al.). 1988, pgs. 311-317, and (2) "1--millimeter wave 
interferometer for the measurement of line integral electron density on TFTR." by 
Efthimion et al., Rev. Sci. Instrum. 56 (5), May 1985, pgs. 908-910. 

When the frequency of the oscillator 100 differs from the resonant frequency 
of the microwave cavity 105, a signal is produced by the discriminator 110. The 
output of the discriminator 110 is amplified by an amplifier 115. The amplified 
discriminator signal 120 is then fed to the oscillator 100 with the polarity required to 
move the frequency of the oscillator 100 toward the resonant frequency of the 
microwave cavity 105. 

If the frequency of the oscillator 100 is locked to the resonant frequency of the 
microwave cavity 105 using the stabilization circuit 102, tuning the microwave cavity 
105 will cause the oscillator 100 to track the resonant frequency within a range that 
will be limited by the electronic tuning capability of the amplifier 1 15 and the 
frequency sensitivity of the ancillary microwave circuitry. Page 69 of Montgomery 
discloses a tunable oscillator. 

As shown in Figure 1, the major components of the stabilization system 102 
are the microwave discriminator 110 and the amplifier 115. Two configurations for 
the discriminator 110 exist. Figure 2 shows a first embodiment of the discriminator 
110 that includes a directional coupler 150 and a bridge 160 (also known as a magic 
Tee). The bridge 160 compares the signal reflected by a short-circuited waveguide 
165 of length x with the signal reflected from the microwave cavity 105 fed by a line 
175 of length x - Ag/8, where Ag is the guide wavelength. The microwave signal 
enters the bridge 160 at arm 180 (the H-plane arm) through the directional coupler 
150. The arm of the directional coupler 150 is the input to the discriminator from the 
microwave oscillator 100. At the Tee junction 185 of the bridge 160. waves of equal 
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amplitude and phase traveling away from the junction are excited in the short- 
circuited waveguide 165 and the line 175 (collectively called the S arms). 

In the second embodiment, the microwave discriminator 110 may also be 
realized by replacing the directional coupler 150 with a second magic Tee. This is 
not surprising since a magic Tee is equivalent to a 3 dB directional coupler Thus, 
the analyses are similar and will not be considered further herein, 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide an improved plasma electron 
density measurement and control system using a microwave oscillator locked to an 
open resonator containing a plasma. 

It is another object of the present invention to provide a robust control of the 
plasma electron density by tracking to another resonant mode when the oscillator 
loses its lock on one resonant mode. 

These and other objects of the present invention are achieved by using a 
frequency stabilization system to lock the frequency of a local oscillator to a pre- 
selected resonant frequency of an open microwave resonator when the resonant 
frequency changes due to the introduction of a plasma within the open resonator. 

PRI^F DESCRIPTION OF TH^ P RAW INg g 

A more complete appreciation of the invention and many of the attendant 
advantages thereof will become readily apparent with reference to the following 
detailed description, particulariy when considered in conjunction with the 
accompanying drawings, in which: 

Figure 1 is a block diagram of a known stabilization circuit for matching a 
frequency of a microwave cavity and a local oscillator; 

Figure 2 is a schematic illustration of a known discriminator for use in the 
stabilization circuit of Figure 1 ; 

Figure 3 is a schematic illustration of the discriminator of Figure 2 being 
applied to an open resonator containing a plasma where the open resonator is 
acting as a stabilizing resonator; 
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Figure 4 is a graph of the output of the discriminator 110 based on a varying 
frequency; 

Figure 5 is a diagram of an oscillator stabilization circuit according to the 
present invention; 

Figure 6 is a block diagram of a first embodiment of a plasma generator 
control system according to the present invention; 

Figure 7 Is a block diagram of a second embodiment of a plasma generator 
control system using a digital signal processor according to the present invention; 

Figure 8 is a block diagram of a computer for implementing a portion of the 
control system according to the present invention; and 

Figure 9 shows oscilloscope traces obtained from a microwave bridge 
according to one embodiment of the present invention. 

DETAILED DESCRI PTION OF THE PREFERRED EMBODIMENTS 
Referring now to the drawings, in which like reference numerals designate 
identical or corresponding parts throughout the several views, Figure 3 is a 
schematic illustration of the discriminator of Figure 2 being applied to an open 
resonator containing a plasma where the open resonator is acting as a stabilizing 
resonator. Most of the elements of Figure 3 are described above with reference to 
Figure 2, and their description is not repeated here. However, having replaced the 
microwave cavity 105 of Figure 2 with the open resonator 170 containing a plasma, 
the operation of the overall system is described hereinafter. 

At frequencies far from one of its resonant frequencies, the resonator 170 
reflects almost exactly as if there were a short-circuit at the plane of the coupling iris, 
I.e.. the circular hole within the spherical mirror that acts as the interface between 
the line 175 and the resonator 170. As would be understood by one of ordinary skill 
In the art, the size and shape of the hole can be determined empirically. Moreover, 
the location of the coupling Iris on the spherical mirror Is such that it does not excite 
undesired resonant modes within the resonator 170. Consequently, at such 
frequencies the waves reflected back toward the junction 185 in the short-circuited 
waveguide 165 and the line 175 arrive n/2 radians out of phase at the junction 185. 
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Matched detectors (not shown) coupled to the teminals 200 and 205 will therefore 
give equal output voltages, and the difference between the voltages will be zero. 

However, at the resonant frequency of the resonator 170, the admittance of 
the resonator 170 acts as if it were a pure conductance located at the plane of the 
coupling iris. The wave reflected from the resonator 170 combines with the wave 
reflected from the short-circuited waveguide 165 in such a way that waves of equal 
amplitude emerge from the Tee at tenninals 200 and 205. The output of the 
detectors will once again be equal (though different from the values at frequencies 
far from resonance). For frequencies slightly removed from the resonant frequency, 
the admittance of the resonator 170 has a non-zero susceptance. which will be 
inductive for frequencies less than the resonant frequency and capacitive for 
frequencies greater than the resonant frequency. On one side of resonance, the 
detector coupled to terminal 205 receives more power and the detector coupled to 
terminal 200 receives less power; so the output voltages are unequal. Consequently 
the difference between them is non-zero. On the other side of resonance, the 
detector coupled to temiinal 205 receives less power and the detector coupled to 
terminal 200 receives more power. The difference is again non-zero but has the 
opposite algebraic sign. A mathematical analysis is presented on page 64 of 
Montgomery. A representative output voltage from a discriminator 110 is shown in 
Fig. 4. 

Stabilization of the local oscillator is possible for frequencies between f^ and 
fe that correspond approximately to the extreme and Vb of the discriminator 
characteristic shown in Fig. 4. An analysis of the frequency control is described 
hereinafter. The slope of the output of the discriminator 1 1 0 between f^ and fg can 
be approximated by -p. where p is a positive number with units of volts/hertz. When 
the oscillator 100 has a monotonic frequency tuning characteristic and the frequency 
increases as the voltage applied to the tuning input becomes more positive, then the 
tuning characteristic can be approximated by a straight line with a slope R, where R 
is a positive number with units of hertz/volt. In addition, the gain of the amplifier 115 
shown in Fig. 1 is denoted hereinafter by G. 
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If the system is adjusted so that (1) the output voltage for the discriminator 
110 is zero for the frequency fo. as indicated in Fig. 4, (2) the oscillator 100 is locked 
to the resonant frequency of resonator 170 at fo. and (3) the resonant frequency of 
the resonator 170 increases due to the introduction of a plasma, then the effect on 
the discriminator characteristic will be to translate it toward higher frequencies so 
that the zero crossing point moves from fo to a frequency fo*>fo. Consequently, the 
output of the discriminator 110 will be a positive voltage that will cause the frequency 
of the locked oscillator 100 to increase. After the system has stabilized, the output 
voltage of the discriminator 1 10 will be: 

where f ' is the oscillator frequency that results from the change in the cavity 
resonant frequency. It is noted that the frequency f must be less than fo', otherwise 
there would be no correction voltage and the oscillator frequency would remain fo. 
The amplified voltage is given by: 

The amplified voltage is responsible for the frequency change; so Va^p also is written 
as: 

If the gain of the amplifier is so large that R/pG«1, it follows that: 

f^'-f^ PG + R 

which means that the change in the frequency of the locked (i.e., stabilized) 
oscillator frequency is virtually the same as the change in the resonant frequency of 
the resonator 170. 

Figure 5 is a schematic illustration of an oscillator stabilization circuit using an 
open resonator as the frequency determining element. The elements connected to 
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the open resonator 170 act as a microwave discriminator, similar to the microwave 
discriminator of Figure 3. In this embodiment, the resonator has an output iris that is 
separate from the input iris and decoupled from it except when the frequency of the 
microwave signal corresponds to one of the resonant frequencies of the open 
resonator (i.e,, within limits detemiined by the resonator Q). Although it is virtually 
impossible to guarantee that a coupling aperture will excite only the desired 
resonant mode, the diameter and radii of curvature of the mirrors, and the distance 
between the mirrors may be chosen to introduce a measure of mode degeneracy 
and thereby reduce the complications associated with the excitation of modes 
characterized by different resonant frequencies. 

In one embodiment of the present invention, both the input and the output 
microwave connections to the open resonator are made to the same reflector. This 
is more convenient to build for the purposes envisioned here than a circuit in which 
the Input microwave connection is on one reflector and the output microwave 
connection is on the other. There is, however, no significant difference in the 
electrical performance of the two configurations. Thus, in an alternate embodiment, 
the connections are made on opposite reflectors. 

The discriminator configuration shown in Figure 5 is superior to the 
discriminator shown in Figure 3. In the discriminator of Figure 3, the microwave 
signal reflected from the stabilizing resonator is large both on resonance and off 
resonance, unless the resonator coupling is close to critical. Practically, this means 
that tracking usually is performed with relatively small changes in large signals. With 
the transmission resonator of Figure 5, the transmitted microwave signal is virtually 
zero off resonance and large on resonance; so the comparison is between a large 
signal on resonance and a small signal off resonance. 

The structure of Figure 5 is such that the open resonator 170 is coupled 
through the output iris to the bottom ami (the E arm) of a magic Tee 160. The input 
can be put on H or E. Depending on to which it is connected, the waveguide lengths 
would be adjusted to accommodate the alternate orientation of the magic Tee 160. 
Detectors 500A and 500B are connected on the left and right arms, respectively, of 
the magic Tee 160. The detectors 500A and 500B connect to the positive and 
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negative inputs, respectively, of a difference amplifier 510. In one embodiment, the 
difference amplifier 510 is a direct coupled amplifier. In an alternate embodiment 
the difference amplifier 510 is an IF amplifier and is used as described in section 
2-17 entitled 'The l-F Stabilization System," of Montgomery. The output of the 
difference amp 510 acts as a frequency control voltage which is applied to a voltage 
controlled oscillator 520 (e.g., a 35 GHz voltage controlled oscillator). The output of 
the voltage controlled oscillator 520 is connected to a directional coupler 530 which 
couples the signal to a phase shifter 540. Having shifted the phase of the coupled 
signal, the phase shifter 540 applies the shifted signal to a first attenuator 550A, 
which produces a shifted, attenuated signal that is applied to the H arm of the magic 
Tee 160. 

The action of the microwave bridge depends on the coherent addition of two 
microwave signals, one a reference signal and the other a signal transmitted from 
the open resonator after having passed through it, as shown in Figure 5. In order for 
the microwave bridge to function properly, the electrical lengths of the reference and 
signal paths (I.e., the phase changes associated with the corresponding physical 
lengths) must be properly related and, ideally, this relationship should be virtually 
independent of frequency. Furthennore, it is important to recognize that the 
electrical lengths of the two paths are to be determined with respect to the physical 
locations of the reference planes of the magic Tee used in the bridge. If sufficient 
care is not exercised in this regard, the bridge output signal will not have the desired 
characteristic as a function of frequency, and the bridge will not function as desired. 
Although the circuit can be assembled only if the mechanical dimensions are 
properly related, it will perform properly only if the electrical lengths also are properly 
related. 

In addition, spurious signals reflected back to the magic Tee by crystal 
detectors that are only slightly mismatched or from the output port of the open 
resonator are also a potential problem and may cause the actual bridge output 
characteristic to differ significantly from the desired shape. In one embodiment, 
isolators that are placed in the input arms of the magic Tee are used to mitigate this 
problem. 

-10- 
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When the physical lengths of the reference and signal paths are short, the 
requirement that the phase difference associated with the two paths be essentially 
insensitive to frequency changes for frequencies of interest can often be satisfied 
without great difficulty. On the other hand, when some of the critical elements are 
necessarily long because of physical constraints, the problem is more difficult. In 
such cases, it is important to design the physical, circuit in such a way that the 
required phase difference associated with the electrical lengths of the two paths is 
maintained to the greatest possible extent. For example, if the two paths in the 
circuit are to differ in length by a quarter of a wavelength (a phase difference of n/2 
radians or 90 degrees), it may be advisable to construct the two paths as similarly as 
possible with the exception of only the quarter wavelength difference, even if it is 
possible to make one branch significantly shorter than the other by an integral 
number of wavelengths at the design frequency. Although the latter choice would 
have no practical electrical consequence at the design frequency, the frequency 
dependence of the phase difference between the two paths would be greater than 
for paths of more nearly equal electrical lengths. 

In one embodiment of a microwave bridge circuit, a phase shifter is used to 
create the required phase difference between the reference and signal paths. The 
system also includes an isolator in the signal path that permits transmission only in 
the direction from the open resonator toward the magic Tee. This eliminates the 
possibility of undesirable effects due to reflections originating at the magic Tee port 
in the signal path. A second isolator could be included in the reference signal path 
for the same reason. Two attenuators are included in the reference path to facilitate 
equalization of the amplitudes of the signals incident upon the magic Tee via the 
reference and signal paths. 

The oscilloscope traces of Figure 9 illustrate signals obtained from the 
microwave bridge according to one embodiment of the present invention. The 
discriminator output is represented by the lower-most curve labeled \/^^,^ A/^^, The 
two large waveforms in that curve represent the discriminator output corresponding 
to desired open resonator modes. The smaller discriminator-like output between the 
two larger waveforms is thought to be due to the undesirable excitation of a so- 
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called "off-axis" mode. In alternate embodiments, the mirror diameter is reduced, an 
absorbing aperture is added to the mirror, and/or the coupling aperture is placed at 
the exact center of the min^or to reduce the undesirable excitations. 

The whole signal process, however, is controlled by coupling the output of the 
voltage controlled oscillator 520 to not only the phase shifter 540, but also to a 
second attenuator 550B and to a frequency meter 570. The attenuated output of the 
attenuator 550B is applied to the open resonator (containing a plasma), and the 
resulting interior fields are sampled using the output iris. 

Figure 6 is a block diagram of a first embodiment of a plasma generator 
control system according to the present invention. To provide this control system, 
the following additional limitations need to be considered. 

1 . The frequency change of the locked oscillator will always be 
less than the change in the resonant frequency of the resonator, but 
the difference can be made quite small if the amplifier gain is 
sufficiently large. However, to prevent instability problems, the 
amplifier gain is selected to not be too great. 

2. It is preferable that the oscillator be locked to (i.e., be stabilized 
by) the same resonator mode (i.e.. resonance frequency) throughout 
the entire range of plasma electron densities of interest during a given 
operation. The control voltage for an appropriate oscillator 100 (e.g., a 
solid-state oscillator) is expected to have a range on the order of +/-5 
volts for the frequency ranges described herein. This implies that the 
output of the amplifier should have a linear dynamic range on the order 
of +/- 20 volts. 

3. It is preferable that the oscillator 100 does not shift to a 
different resonator mode during a particular process, although it is not 
necessary to know the particular mode to which the oscillator 100 is 
locked. A mode shift will result In an easily identifiable change in the 
voltage applied to the tuning element of the oscillator 100. The tuning 
electrode voltage easily can be monitored by examining a voltage 
change applied to the oscillator 100. 
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The mode number need not be known because of the relationships among 
the resonant frequencies of an open resonator. For example, for a confocal 
resonator, the resonant frequencies are given by: 




where n is the index of refraction of the medium in the resonator, c is the speed of 
light in a vacuum, d is the distance between the reflectors 175 (shown in Figure 6), 
and q is the axial mode number. From this expression, it follows that: 

f(q,1) , „ 

which is independent of the axial mode number q, since n is unrelated to the mode 
number. However, q must have the same value in the numerator and denominator 
representing that the oscillator remains locked to the same mode throughout 

If the index of refraction is not uniform in the region between the reflectors, f 
(q,n) is replaced by f (q,<n>) where <n> is the mean index of refraction along a path 
between the two reflectors at the frequency of operation. Consequently 

(n) . 1 J nc/x - 

It is well known that the index of refraction and the plasnna density N are 
related by the approximation given by: 



n ~ 



Ne' 



e-/n(2n/)^ 



1 - 
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where e is the magnitude of the charge of an electron, m Is the electron mass, is 
the permittivity of free space, f is the signal frequency, and fp is the plasma 
frequency. If 

4 « 1. 



it follows that: 



n = 1 — N. 



and. consequently, that : 



p2 

jndx " d - — jNdx. 



From the value obtained previously for 



-jndx, 



it follows that: 



1 . 



f{q.{n))\ 



That expression provides an approximate value for the plasma density along 
a path between the reflectors in terms of the simple frequency measurements 
described above. Whereas a single measurement system provides a value for the 
mean plasma density along a path between the reflectors for that system, multiple 
systems, e.g., two or more, in the same process chamber provide, essentially 
simultaneously, additional information about the spatial variation of the plasma 
density. Rather than use two completely independent measurement systems, an 
alternative embodiment uses (1) the same measurement system external to the 
process chamber and (2) different sets of mirrors within the chamber that are 
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connected to the measurement system extemal to the chamber. Still another 
embodiment provides moveable reflectors inside the process chamber using a 
controller exterior to the process chamber. Such movement is possible if non-rigid 
waveguides are used, within the process chamber. 

The possibility that the microwave discriminator circuit might lose control of 
the oscillator frequency causes additional complications. If the oscillator frequency 
becomes unlocked, it is presumed that it will move from f(q,(n)), its value when 
control is lost, toward f(q.1). If this situation occurs, the electromagnetic field in the 
open resonator will decay until the oscillator frequency approaches f(q-1 ,<n)). At that 
point the electromagnetic field in the open resonator will increase and the frequency 
control circuit may regain control, stabilizing the oscillator frequency at f(q-1 .<n)). If 
control is not regained at f(q-1,<n)). the decline in frequency will continue until the 
oscillator frequency approaches f(q-2,<n». It is presumed that this process will 
continue until the oscillator frequency once again becomes locked at a resonant 
frequency f(q-w,(n», where w is an integer that is expected to be in the range from 1 
to 3. 

In order to interpret the experimental data obtained from this system, the 
integer, w, must be known. To determine w, a small amount of power is coupled 
from the open resonator 170 and fed to a detector 220 (e.g., a crystal detector) and 
a counter 230 as shown in Fig, 6. If the field in the open resonator 170 collapses 
due to the loss of control of the oscillator frequency, the output of the detector 220 
will go to zero, and the counter 230 will record 1 event. For example, if the oscillator 
100 slips from control at f(q,(n)), and its frequency is recaptured at f(q-1,(n», the 
counter 230 will record 1 event. If control is not regained until f(q-2,<n», the counter 
230 will record 2 events. Control will not have been reestablished if the output of the 
detector 220 is zero. 

Suppose that a temporary loss of frequency control leads to a change from 
mode q to mode q-w. In such a case the mean index of refraction (n> can be 
expressed as: 

in) - '^'-^''^ 
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For an empty confocal resonator it is well known that f(q-w,1) can be expressed as: 



f(<7-w.1) = f(q,^)-w 

Consequently, 

_ f(q,^)-w(c^2d) 
f(q-w.{n)) 

Since all the information necessary for determining <n> is known, the system (and 
method) of the present invention can be used to generate a control voltage, thereby 
controlling the plasma generator 240 (with or without using shaping of the control 
voltage signal). As shown in the embodiment of Figure 6, the plasma generator 240 
is controlled using a second frequency discriminator 110". This second discriminator 
1 10' compares the frequency of the oscillator 1 00 to the resonant frequency of a 
plasma generator reference resonator 245 (e.g., a frequency meter) which has been 
set using a computer to the desired locked oscillator frequency, which is given by: 

f _ f{q-w^) 

where (n^) is the desired mean index of refraction for the process. For the preferred 
mode of operation in which the oscillator 100 remains locked to the same resonant 
mode during the entire process, w = 0. However, for the sake of generality, it is 
assumed that the frequency of the oscillator 100 initially is locked on the frequency 
of mode q, and subsequently is locked on the frequency of mode q-w. As discussed 
above, w is assumed to be known. 

The second discriminator 110' acts as a plasma generator control 
discriminator and has an output which has a characteristic similar to the one shown 
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in Fig. 4. The discriminator 110' can be selected so that it has a positive voltage for 
f(q-w,<n» < fo«., a negative voltage for f(q-w,<n»> i^, and zero for f(q-w,<n» = f^^^- 
According to the present invention, the system may be controlled as follows: 

1 . With the power of the plasma generator 240 off, adjust the 
discriminator 110, amplifier 105, and oscillator 100 so the oscillator 1 00 is 
locked to a convenient mode of the open resonator. 

2. Calculate the frequency of the oscillator 1 00 corresponding to 
<n^), the desired value of <n). 

3. With the plasma generator control circuit 102' disengaged, set 
the plasma generator control resonator 245 to the frequency calculated 
in step 2 above. 

4. Energize (1 ) the computer 250, (2) the control circuit elements, 
and the plasma generator 240. 

5. Monitor the output voltage of the plasma generator control 
amplifier 1 15' to verify that the entire control system is functioning 
properly. 

In an alternate embodiment of the present invention shown in Figure 7, a 
portion of the embodiment of Figure 6 is replaced by a Digital Signal Processor 
(DSP) 290 and support circuitry. Specifically, (1) the computer. (2) the second 
stabilizer 102', and (3) the plasma generator reference resonator 245 are replaced 
by (1) the DSP 290. (2) at least one A/D converter (e.g., 270A), and (3) two D/A 
converters (280A and 280B). The DSP 290 responds to three inputs: (1)the 
oscillator control voltage for the oscillator frequency that corresponds to the desired 
plasma density, entered through the data input device 275 (e.g., via a keyboard or 
via a potentiometer through the A/D converter 270B); (2) the digital equivalent of the 
voltage of stabilizer circuit 102 having been converted by A/D converter 270A; and 
(3) the output of a counter 230 fed by the detector 220 connected to the output line 
of the open resonator 1 70. 

If the electromagnetic field in the open resonator 170 collapses due to the 
loss of control of the oscillator frequency, the output of the detector 220 in the output 
line of the open resonator 170 will drop to zero, and the counter 230 will record the 
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event. Loss of lock can be used to inform the DSP 290 to initiate an algorithm to 
reestablish lock as described below and/or to alert an equipment operator to loss of 
lock and the possibility of an equipment malfunction. It is noted that a zero output 
from the detector 220 implies that the oscillator frequency is not locked to a resonant 
frequency of the open resonator 170. 

One output of the DSP 290 is converted by a D/A converter 280A to an 
analog signal which is then used as the control voltage for the oscillator 100. A 
second output of the DSP 290 is converted by a second D/A converter 280B to an 
analog signal that is used to control the plasma generator 240. 

A change in the plasma generator control voltage causes the plasma density 
to change, which in turn causes the outputs of the discriminator 110, the 
discriminator amplifier 115, and the A/D converter 270A to change. The DSP 290 
responds by changing the control voltage via the D/A converter 280A, and, 
therefore, the frequency of the oscillator 100 also changes. The updated value of 
the oscillator control voltage is a measure of the updated plasma density. The DSP 
290 compares the digital equivalent of the voltage being supplied to the control 
terminal of the oscillator 100 to the data entered via the input device 275 and sends 
an appropriate control signal to the plasma generator 240 through the D/A converter 
280B. The output of the locked oscillator 100 is then applied to the plasma 
chamber. 

The sampling period of the system Is chosen to ensure that an out-of-lock 
condition will be recognized by the DSP 290. The DSP 290 may then employ 
various algorithms to reestablish the lock between the oscillator frequency and the 
open resonator resonant frequency. A first such algorithm calculates an expected 
plasma density based on one or more measured parameters, such as radio 
frequency (RF) power, gas pressure, gas flow rate, chamber temperature, and 
plasma optical signature. The DSP 290 then searches for a discriminator zero 
within calculated frequency limits. A second such algorithm measures the 
intermodal spacing to determine an approximate plasma density and then conducts 
a search for a discriminator zero at the determined density. 
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Figure 8 is a schematic illustration of an embodiment of the computer 250 
shown in Figure 6 for controlling a plasma generator 240. The computer 250 
includes a computer housing 402 which contains a motherboard 404 which contains 
a CPU 406, memory 408 (e.g.. DRAM, ROM. EPROM, EEPROM, SRAM, SDRAM, 
and Flash RAM), and other optional special purpose logic devices (e.g., ASICs) or 
configurable logic devices (e.g., GAL and reprogrammable FPGA). The computer 
250 also includes plural input devices, (e.g., a keyboard 422 and mouse 424), and a 
display card 410 for controlling monitor 420. In addition, the computer system 250 
further includes a floppy disk drive 414; other removable media devices (e.g., 
compact disc 419. tape, and removable magneto-optical media (not shown)); and a 
hard disk 412. or other fixed, high density media drives, connected using an 
appropriate device bus (e.g., a SCSI bus, an Enhanced IDE bus, Ultra DMA bus). 
Also connected to the same device bus or another device bus, the computer 250 
may additionally include a compact disc reader 418, a compact disc reader/writer 
unit (not shown) or a compact disc jukebox (not shown). Although compact disc 419 
is shown in a CD caddy, the compact disc 419 can be inserted directly into CD-ROM 
drives which do not require caddies. In addition, a printer (not shown) also provides 
printed listings of how well the frequencies of the oscillator 100 and the resonance 
resonator 170 match. 

As stated above, the system includes at least one computer readable 
medium. Examples of computer readable media are compact discs 419, hard disks 
412, floppy disks, tape, magneto-optical disks, RROMs (EPROM. EEPROM, Flash 
EPROM), DRAM, SRAM. SDRAM, etc. Stored on any one or on a combination of 
computer readable media, the present invention includes software for controlling 
both the hardware of the computer 250 and for enabling the computer 250 to 
interact with a human user. Such software may include, but is not limited to, device 
drivers, operating systems and user applications, such as development tools. Such 
computer readable media further include the computer program product of the 
present invention for controlling a plasma generator 240. The computer code 
devices of the present invention can be any interpreted or executable code 
mechanism, including but not limited to scripts, interpreters, dynamic link libraries, 
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Java classes, and complete executable programs. Moreover, previously described 
as a separate DSP 290, the computer 250 may actually replace the DSP by being 
programmed to perform the functions described above. The computer 250 
additionally may control more than one process at a time without departing from the 
spirit of the invention. 

Obviously, numerous modifications and variations of the present invention are 
possible in light of the above teachings. It is therefore to be understood that, within 
the scope of the appended claims, the invention may be practiced otherwise than as 
specifically described herein. 
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CLAIMS : 

1. A system for controlling a plasma generator, the system comprising: 
an open resonator resonating at a resonant frequency; 

an oscillator with an output having a variable frequency; 

a control circuit for measuring a difference between the resonant frequency 
and the variable frequency and for applying a correction signal to the oscillator to 
change the variable frequency to substantially match the resonant frequency. 

2. The system as claimed in claim 1 . wherein the discriminator comprises a 
discriminator for measuring a plasma density in a range from 10^° to 10^^ cm'\ 

3. The system as claimed in claim 1, wherein the discriminator comprises a 
discriminator for measuring an electron density in a range from 10^° to 10^^ cm l 

4. The system as claimed in claim 1, wherein the open resonator is 
immersed in a plasma, 

5. The system as claimed in claim 1 , wherein the open resonator further 
comprises a reflector for accepting input and output microwave connections. 

6. The system as claimed in claim 1, wherein the control circuit comprises: 
a microwave frequency discriminator; and 

an amplifier connected to the microwave frequency discriminator, wherein the 
amplifier outputs the correction signal. 

7. The system as claimed in claim 1, wherein the control circuit comprises: 
a plasma generator reference resonator; and 

a microwave frequency discriminator for comparing a resonant frequency of 
the plasma generator reference resonator to produce the correction signal. 

8. The system as claimed in claim 7, wherein the control circuit further 
comprises a computer for processing the correction signal before applying the 
control signal to the plasma generator. 

9. The system as claimed in claim 7, wherein the control circuit further 
comprises a digital signal processor for comparing an output of the microwave 
discriminator with input data to control the plasma generator. 
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10. The system as claimed in claim 1, wherein the open resonator further 
comprises plural sets of reflectors for accepting plural, independent controllable sets 
of input and output microwave connections. 
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